myristoyl switch to control the assembly and disassembly of transport vesicle coats (reviewed in Rothman and Summary Wieland, 1996) . Specific GEFs for ARF have been identified (Chardin Ras-related GTPases are positively regulated by gua et al., 1996) , and all share a catalytic region of approxinine nucleotide exchange factors (GEFs) that promote mately 200 amino acids, termed the Sec7 domain, that the exchange of GDP for GTP. The crystal structure of is sufficient for exchange factor activity. The crystal the Sec7 domain GEF bound to nucleotide-free ARF1 structure of the Sec7 domain of human Arno was reGTPase has been determined at 2.8 Å resolution and cently determined, revealing an exclusively helical prothe structure of ARF1 in the GTP-analog form detertein with a hydrophobic surface groove for interaction mined at 1.6 Å resolution. The Sec7 domain binds to with ARF (Betz et al., 1998; Cherfils et al., 1998 ; Mossesthe switch regions of ARF1 and inserts residues disova et al., 1998) . Biochemical experiments suggest that rectly into the GTPase active site. The interaction the Sec7 domain groove contacts the switch 1 and leaves the purine-binding site intact but perturbs the switch 2 regions of ARF1 (Bé raud-Dufour et al., 1998; Mg 2؉ and phosphate groups to promote the dissocia- Mossessova et al., 1998) . Interestingly, the switch retion of guanine nucleotides. The structure of ARF1 in gions of Ras and Rab GTPases have also been implithe GTP-analog form closely resembles Ras, revealing cated in the interactions with their respective GEFs a substantial rearrangement from the GDP conforma- (Burstein et al., 1992; Park et al., 1994) . However, these tion. The transition controls the exposure of the myrisand other GEFs are unrelated in amino-acid sequence, toylated N terminus, explaining how ARF GTPases leaving open the question of whether a general struccouple the GDP-GTP conformational switch to memtural mechanism governs GEF action on Ras-related brane binding.
GTPases (see, for example, Yu and Schreiber, 1995; Boriack-Sjodin et al., 1998; Renault et al., 1998) .
Introduction
GTPases bind GDP with very high affinity (K d values between 10 Ϫ11 and 10 Ϫ7 M [Bourne et al., 1991] ) and are Ras-related GTPases regulate a wide variety of intracelmaintained in the inactive state by the slow intrinsic lular signaling and vesicular trafficking pathways. They rate of guanine nucleotide dissociation. GEFs promote share a common structure that operates as a molecular nucleotide dissociation, achieving overall rate enhanceswitch by cycling between active GTP-bound and inacments of between 10 4 -and 10 5 -fold tive GDP-bound conformational states (reviewed in Bé raud-Dufour et al., 1998) . A general feature of GEF reaction mechanisms is the formation of a GTPase/GEF Bourne et al., 1991) . Interconversion between these complex with low affinity for nucleotide. Such a complex states is intrinsically slow, and two classes of proteins may be stable in a nucleotide-free form, and this has regulate GTPase activity by catalyzing the alternating been observed experimentally for ARF1 as well as for reactions of nucleotide exchange and GTP hydrolysis Ras, Rab, and Ran GTPases (Lai et al., 1993; Burton et (reviewed in Boguski and McCormick, 1993) . Guanine al., 1994; Klebe et al., 1995; Paris et al., 1997) . For examnucleotide exchange factors (GEFs) positively regulate ple, in the absence of nucleotide, the Sec7 domain of GTPases by promoting the exchange of GDP for GTP, Arno forms a stable complex with ARF1 that can be resulting in an active conformation that interacts specifieffectively disrupted by either GDP ) cally with downstream effectors.
or GTP (J. G., unpublished data). ARF GTPases function in vesicular trafficking pathTo provide a coherent picture of GTPase activation, ways and are best understood as regulators of coatwe need first to establish the nature of the GTP-induced omer-coated vesicle transport between Golgi cisternae conformational change that defines the active state, and (reviewed in Rothman and Wieland, 1996) . ARF is spesecond to address the structural basis for GEF action cialized for this role by posttranslational N-myristoylaand reveal the mechanism by which the active state is tion, and the exposure of the myristoyl group for memattained. In this study, the mechanism of ARF activation brane binding is dynamically controlled by the GDP-GTP is addressed by crystal structures of ARF1 bound to the conformational switch. Specifically, the inactive GDPnonhydrolyzable GTP analog guanosine-5Ј-[␤,␥-imido]-bound form of ARF is cytosolic, whereas GTP-bound triphosphate (GppNHp) and of the Sec7 domain GEF in ARF associates with the lipid bilayer in a myristatecomplex with nucleotide-free ARF1, determined at 1.6 dependent manner. Coatomer coat assembly is initiated Å and 2.8 Å resolution, respectively. The structure of by Sec7 domain GEFs that catalyze nucleotide ex-ARF1 in the triphosphate conformation reveals the nachange, activating ARF for both membrane binding and ture of the conformational transition from the GDPthe recruitment of its cytosolic effector, the coatomer bound form (Amor et al., 1994) and the mechanism by which the presence of the ␥-phosphate triggers the exposure of the myristoylated N terminus for membrane * E-mail: jonathan@ximpact4.ski.mskcc.org. A ribbon representation of ARF1 t in the triphosphate conformation (B), determined in this study, is compared with GDP-bound full-length ARF1 (A) (Amor et al., 1994) and GTP-analog-bound Ras (C) (Pai et al., 1989) . In the triphosphate conformation, residues 37-53 of ARF1 t (colored yellow) form a loop connecting helix ␣1 to strand ␤2, and this region encompasses switch 1. The corresponding region of Ras comprises residues 23-39 and adopts a similar conformation. In GDP-bound ARF1, this region forms a distinctive ␤ hairpin structure. The N-terminal ␣ helix of GDP-bound ARF1 is colored red. In vivo, ARF1 is posttranslationally myristoylated at its N terminus (labeled N-myr). Bound nucleotide is colored white, with phosphorus atoms pink; Mg 2ϩ ions are drawn as magenta spheres.
binding. The crystal structure of the ARF1/Sec7 domain crystallization. Gea2 is a 166 kDa protein with a central 24 kDa Sec7 domain that is 37% identical to Arno, and complex establishes the mechanism of nucleotide exchange for a Ras-related GTPase. A conserved hyflanking regions whose functions have not been established. The Sec7 domain of Gea2 (residues 558-766; drophobic groove on the Sec7 domain engages the switch regions of ARF1 in an extensive interaction. A hereafter numbered 1-209 and referred to as the Sec7 domain) was cloned for overexpression in E. coli and shift in the position of switch 1 exposes the GTPase active site, allowing the insertion of a critical glutamate found to be active on human myristoylated ARF1 and on ARF1 t (data not shown). A stable 1:1 complex was residue from the Sec7 domain. The resulting steric and electrostatic repulsion of the ␤-phosphate and Mg 2ϩ ion formed between human ARF1 t (residues 18-181) and the Sec7 domain in the absence of Mg 2ϩ and nucleoon ARF1 will promote nucleotide dissociation.
tide, purified, and crystallized (see Experimental Procedures). The crystal structure of the ARF1 t /Sec7 domain Results and Discussion complex was solved by molecular replacement in space group C2 with two complexes per asymmetric unit, using Structure Determination Full-length, GTP-bound ARF1 forms a high-affinity interdiffraction data extending to 2.8 Å resolution. Noncrystallographic symmetry restraints were imposed throughaction with phospholipid membrane that is mediated by the myristoylated N-terminal ␣ helix (Franco et al., 1995) . out the refinement process, and the final model has a crystallographic R factor of 22.7% and a free R value This property is likely to mediate against crystallization, so a soluble mutant of human ARF1 (termed ARF1 t ) was of 28.5% at 2.8 Å resolution (see Experimental Procedures). used that lacks the N-terminal 17 amino acids. ARF1 t is fully active in assays for Sec7 domain GEF activity , and crystallographic analysis establishes Structure of ARF1 t in the Triphosphate Conformation The crystal structure of GppNHp-bound ARF1 t estabthat it retains the structural determinants controlling the GTP-myristoyl switch (see below).
lishes that the structural relationship between ARF and Ras GTPases is closer than was apparent from the ARF1 t bound to the nonhydrolyzable GTP analog GppNHp was crystallized and the structure determined ARF1-GDP structure reported previously (Amor et al., 1994; Greasley et al., 1995) . Since this is critical to a by the molecular replacement method (see Experimental Procedures). The final refined model (residues 18-181) coherent description of the ARF1 t /Sec7 domain complex, the ARF1 t -GppNHp structure is presented first in has a crystallographic R factor of 21.2% and a free R value of 28.1% at 1.6 Å resolution. The nomenclature the following discussion. The topology of ARF1-GDP (Amor et al., 1994 ; Greasused throughout to describe the secondary structure elements of ARF1 follows that introduced for Ras (Pai ley et al., 1995) is distinct from other Ras-related GTPase structures determined to date (Figure 1) . Specifically, et al., 1989) .
Arno Sec7 domain forms a stable complex with nucleswitch 1 forms an additional, seventh ␤ strand (residues 41-47) that is antiparallel to strand ␤2 and caps one otide-free ARF1 t that can be isolated by gel filtration chromatography . This complex was end of the ␤ sheet. Additional distinguishing features of ARF1-GDP include the active-site geometry and coordiprepared for crystallization trials, but extensive screening failed to yield diffraction-quality crystals. Alternative nation to the Mg 2ϩ ion (discussed in Amor et al., 1994; Greasley et al., 1995) . Thus, a striking observation is the Sec7 domain proteins were investigated, and the S. cerevisiae protein Gea2 proved to be more suitable for close similarity of the ARF1 t -GppNHp structure to the (A) Comparison of the ARF1-GDP (blue) and ARF1 t -GppNHp (yellow) structures in the vicinity of strand ␤3. All of the ␣-carbon atoms of the two structures were superimposed, but only residues from ␤3 are drawn. Arrows indicate the two-residue shift of strand ␤3 relative to ␤1. For simplicity, GppNHp-bound ARF1 t is labeled as ARF1 t .GTP in this figure. Crystal structure coordinates for ARF1-GDP are from Amor et al. (1994) .
(B) The picture shows the active site region of the overlapped structures of ARF1 bound to GTP analog (yellow) or GDP (blue). The bound nucleotides and residues of the phosphate-binding loop (Leu25-Thr31 are drawn) have similar conformations in the two structures. However, Asp67 and other residues from strand ␤3 are displaced by 7 Å during ARF1 activation (indicated by arrow). The phosphate groups of the GTP analog are labeled ␣, ␤, ␥. triphosphate conformation of Ras (Pai et al., 1989 ) (see of ARF1 t -GppNHp reveals that the molecular details of this mechanism are conserved. In particular, the ␥-phos- Figures 1B and 1C ). In particular, the two proteins overlap closely in the vicinity of strands ␤2 and ␤3 and in phate interacts with Thr48 (main-chain NH) and Gly70 (main-chain NH). However, for ARF the GDP-GTP switch the switch 1 region (switch 1 is defined as ARF1 residues 45-54 and switch 2 as 70-80, by analogy with Ras).
triggers both effector recognition and membrane binding, requiring that GTP-induced changes are propaElectron density maps confirm the presence of GppNHp and Mg 2ϩ at the ARF1 t active site. Interactions between gated from the active site to the myristoylated N terminus. Comparison of ARF1 in the GDP (Amor et al., 1994 ) these groups and the surrounding protein are highly conserved between ARF1 t and Ras ( Figure 2 ). The octaand GTP forms reveals a unique conformational transition that controls this process (Figures 1 and 2 ). The hedral coordination of the Mg 2ϩ ion includes a bond to the hydroxyl oxygen of residue Thr48 from switch 1 of differences observed between the structure of ARF1-GDP and ARF1 t -GppNHp appear to be determined ARF1 t . This is equivalent to Thr35 in Ras, which is critical for GDP-GTP conformational switching. The additional by the bound nucleotide rather than by truncation of N-terminal residues in ARF1 t , since the crystal structure ligands to the Mg 2ϩ are oxygen atoms from the ␤-and ␥-phosphates, the side chain of Thr31, and two water of ARF1 t -GDP at 2.0 Å resolution closely resembles fulllength ARF1-GDP (J. G., unpublished data). molecules. One of the waters is oriented by the side chain of ARF1 t residue Asp67 (Asp 57 of Ras), which is The structural differences between the GDP and GTP forms of ARF1 are localized to a contiguous region of conserved in all GTPases (Bourne et al., 1991) . Finally, residue Gln71 in switch 2 adopts a position that is similar polypeptide residues 38-83 ( Figure 1 ). This encompasses switch 1, strands ␤2 and ␤3 and the intervening to Gln61 in Ras, a critical catalytic residue that orients the hydrolytic water molecule for the GAP-catalyzed loop 3, as well as switch 2. Although the changes are substantial, they result from a simple rearrangement of GTPase reaction (Scheffzek et al., 1997) .
In summary, the structure of ARF1 t in the triphosphate the ␤-sheet structure of the protein. Specifically, strands ␤2 and ␤3 are translated a distance of 7-8 Å relative to conformation adopts the classical topology of Ras, suggesting that the structural principles established for Ras the rest of the ␤ sheet, in a direction parallel to the strands. Figure 2A shows that the translation correthat govern effector recognition and GAP-mediated GTP hydrolysis will apply to ARF GTPases.
sponds to a two-residue change in register, enabling backbone atoms of ␤3 to maintain hydrogen-bonding interactions with ␤1 and conserving the pattern of side-GTP-Induced Conformational Changes in ARF1 t Crystal structures of Ras in the GDP and GTP forms chain hydrophobicity at most positions. The conformational changes in switch 1 and switch 2 can then be have established the nature of the switch mechanism whereby structural changes propagate from the ␥-phosunderstood as a secondary response to this ␤ sheet rearrangement. Both switch regions are shortened in phate of GTP to the switch regions to define the active state (Pai et al., 1989; Milburn et al., 1990) . The structure the GTP conformation and are displaced toward the active site. The largest shifts occur in switch 1, which activation, ARF1-GTP exposes its myristoylated N terminus and interacts with membranes via both the myrisno longer hydrogen bonds to strand ␤2 but now lies close to the ribose and phosphate groups; in particular, toyl group and hydrophobic and basic residues from the N-terminal ␣ helix . The molecular Thr48 moves 16 Å toward the nucleotide and becomes a ligand to the Mg 2ϩ ion and ␥-phosphate group. In mechanism by which the observed transition between the GDP and GTP forms controls the exposure of the N Ras, the homologous residue (Thr35) forms equivalent interactions and is critical for the conformational switch, terminus is outlined in Figure 2C . The pivotal feature of the GTP-myristoyl switch is the 7 Å displacement of but the extent of the movement from the GDP form is much smaller (6.5 Å displacement of side-chain OH) strands ␤2 and ␤3, since this couples the binding of GTP to the extrusion of loop 3 from the GTPase core. Impor- (Milburn et al., 1990) . The movement of Thr48 in ARF1 shares striking similarities with that observed for the tantly, residues from 3 form the binding site for the myristoylated N-terminal helix (residues 2-17) in the homologous residue in EF-Tu (Abel et al., 1996) and with the transition proposed for Ran (Scheffzek et al., 1995) .
GDP conformation (Amor et al., 1994) . The predominantly hydrophobic binding site involves residues Tyr58, In ARF1, changes in switch 2 are caused by the displacement of strand ␤3. In the GTP form, residues 69-77 of Asn60, Ile61, and Phe63 from 3, and these interact with residues (6-15) on one face of the N-terminal helix. switch 2 are drawn toward the active site, and the mobility of this region is markedly reduced. Finally, structural
Based on the location of residue Gly2 in the ARF1-GDP structure, the position of the myristoyl group can be changes are propagated from the ␥-phosphate through the core of ARF1 t , via strands ␤2 and ␤3, to loop 3 inferred to lie in a shallow groove formed by residues 35-40, which precede switch 1. These residues form (residues 57-63), which is shifted into solvent in the GTP conformation.
a surface that is continuous with 3 and are likewise displaced following ARF1 activation. In the GTP conforThese observations show how ARF1 shares common properties with Ras in the GTP state but attains its funcmation, the movement of 3 eliminates the binding site for the N terminus, which will thus become available for tional specialization by adopting a unique GDP state. What are the structural determinants that guide the dismembrane interaction. The unusual conformation of ARF1-GDP can now be tinctive geometry of ARF1-GDP? The unique topology involves the formation of a seventh ␤ strand and associrationalized. Unlike other Ras GTPases, the shift of strands ␤2 and ␤3 in GDP-bound ARF1 allows the reated ␤ turn (residues 42-51; see Figure 1A ) and additionally requires that two distinct packing arrangements for traction of loop 3 to form the binding site for the myristoylated N terminus, yielding soluble ARF1-GDP. The strands ␤2 and ␤3 be accommodated within the protein core. The sequence of ARF1 for the seventh ␤ strand exposure of the N terminus can thus be controlled dynamically by the ␥-phosphate, despite the large distance and ␤ turn, 42 IVTTIPTIGF 51 , is highly conserved in all ARF GTPases, well suited to the ␤ topology, and is distinct (20-25 Å ) separating these sites. The structural elements of ARF1 responsible for the GTP-myristoyl switch mechfrom Ras; in particular, ␤-branched amino acids (Val, Ile, Thr) are generally favored in ␤ sheets. Additionally, anism are formed by residues that are unique to and conserved in ARF GTPases, suggesting that the mechathe ␤ turn adopts a type II reverse-turn conformation (residues 48-51) that imposes stereochemical connism is common to all ARF-mediated membrane-dependent transactions in the cell. straints such that residue 50 must be a glycine; indeed, Gly50 is invariant in ARF GTPases but absent from most
The mechanism found here is distinct from that of the calcium sensor protein recoverin (Ames et al., 1997) . other Ras-related GTPases. The structural plasticity of ␤ strands 2 and 3 is more difficult to explain in terms of
The binding of two Ca 2ϩ ions to EF-hands on recoverin triggers the exposure of its N-myristoyl group and transunderlying sequence features. Other than switch 2, the protein regions surrounding ␤2 and ␤3 (helices ␣1, ␣5, location from the cytosol to membrane. Recoverin is a two-domain protein, and the structural transition inand strand ␤1) maintain very similar conformations following ARF1 activation. The C terminus of ␤3 (67-70) volves a 45Њ rotation of one domain relative to the other, displacing the myristoyl group from a deep hydrophobic and the adjacent switch 2 region are well ordered in the GTP conformation. However, in ARF1-GDP these cavity out into solvent (Ames et al., 1997) . elements are mobile and relatively solvent exposed, possibly due to suboptimal hydrophobic packing interStructural Overview of the ARF1 t /Sec7 actions formed by ␤3 in this region (Amor et al., 1994) . Domain Complex Instead, the stabilization of ␤3 in the GDP conformation
The structure of the Sec7 domain GEF bound to nucleomay be assisted by the interaction of Glu54 (from ␤3) tide-free ARF1 t is illustrated schematically in Figures 3 with Thr31, which is a ligand to the active-site Mg 2ϩ ion and 4. The key to GEF action lies in the ability of the (Greasley et al., 1995) . This interaction replaces the one Sec7 domain to interact specifically with, and stabilize, made between Asp67 and Thr31 in the GTP conforma-ARF1 in a form that has reduced affinity for guanine tion, and Glu54 is conserved in all ARF GTPases.
nucleotides Bé raud-Dufour et al., 1998) . The complex structure that has been determined is thus an intermediate on the nucleotide-exchange re-
GTP-Myristoyl Switch Mechanism
The ability of ARF GTPases to couple the GDP-GTP action pathway, and it reveals the molecular details of the GEF mechanism. switch to membrane binding is central to their cellular function (reviewed in Rothman and Wieland, 1996) . Bio-
The overall conformations of the Sec7 domain and ARF1 t are similar to those of the isolated molecules. chemical experiments have established that, following Residues from the switch 1 and switch 2 regions of ARF1 t are specified (labeled Sw1 and Sw2), as are residues from the FG loop and ␣H helix of the Sec7 domain. The vacant nucleotide-binding site is labeled Nt. The interaction between Lys73 of ARF1 and Asp139 of the Sec7 domain is drawn as a dashed line, since the contact distance is long (3.6 Å ); however, an ion-pair interaction between these residues is substantiated by charge-reversal mutagenesis experiments with Arno Sec7 domain (Bé raud-Dufour et al., 1998).
An important observation is that ARF1 t in the complex rotated relative to one another following interaction with ARF1 t . The N subdomain consists of a superhelix of closely resembles its GTP (Ras-like) conformation, and thus ARF1 t -GppNHp is used for all comparisons in the seven ␣ helices (A-G), while the C subdomain forms a three-helix bundle (H-J). In the complex, the C subdofollowing analysis. Structural changes are localized to switch 1 and switch 2, and the average displacement main has rotated by 12Њ. This movement is critical for the formation of the extensive interface with ARF1 t , which of C␣ atoms in these regions is 8.6 Å and 5.2 Å , respectively, from their positions in ARF1 t -GppNHp, compared buries 2680 Å 2 of solvent-accessible surface area on complex formation. to a value of 0.44 Å for all C␣ atoms, excluding residues 40-83. The topology of the Sec7 domain of yeast Gea2 is very similar to Arno and so is described using the The ARF1 t /Sec7 Domain Interface The recognition surface of the Sec7 domain comprises nomenclature defined previously (Mossessova et al., 1998) . Although it forms a compact structure, the Sec7 a hydrophobic groove (␣ helices F, G, and H, plus the C terminus) and an adjacent hydrophilic loop (FG loop, domain comprises two subdomains, and these have Figure 4 . Recognition of ARF1 t by the Sec7 Domain (A) ARF1 t in the triphosphate conformation (left) is compared with complexed ARF1 t (right) in the same orientation. The Sec7 domain (colored pink) in the complex is viewed along its superhelical axis and is rotated approximately 90Њ around a vertical axis relative to Figure 3A . Switch 1 (Sw1) and switch 2 (Sw2) regions of ARF1 t are colored yellow and green, respectively. Note the conformational change in switch 1 that exposes the GTPase active site for the insertion of Sec7 domain residues. The side chain of ARF1 t residue Phe51 is drawn in yellow in all the panels of this figure. (B) A close-up view of the complex in the vicinity of the GTPase active site. Coloring and approximate orientation are as in (A). Invariant residues from the Sec7 domain are labeled in pink. The region 92 FRLPGESQQI 101 (invariant residues are underlined) forms part of the hydrophobic groove for recognition of ARF1 t . Additionally, the invariant residue Glu97 (labeled E) is directly inserted into the GTPase active site, close to the Mg 2ϩ -and phosphate-binding sites. Phosphate-binding residues 24-33 of ARF1 t are drawn in blue. Models for GTP and Mg 2ϩ are shown in white and superimposed onto the positions that they occupy at the ARF1 t active site. (C) Stereo diagram detailing the interactions of the ARF1 t switch 1 (yellow) and switch 2 (green) regions with the hydrophobic groove of the Sec7 domain (pink). ␤ strands 2 and 3 of ARF1 t are drawn in blue. Side-chain groups are drawn for residues that mediate interactions at the interface. Selected hydrogen bonds formed at the interface are drawn as dashed red lines.
residues Arg93-Gln99), and these regions form a contigActive Site of Nucleotide-Free ARF1 t uous surface that is conserved in all Sec7 domains (MosNucleotide and Mg 2ϩ are absent from the complex, but sessova et al., 1998). As shown in Figures 3 and 4, ARF1 t residues from the Sec7 domain do not enter the guanobinds centrally in the hydrophobic groove, with the tip sine-binding region of the ARF1 t active site (Figures 4A, of the FG loop (Gly96-Gln99) inserted into the GTPase 4B, and 5). The regions of ARF1 t that form these sites active site near the binding sites for the Mg 2ϩ ion and appear undistorted in the complex. The purine-binding the ␤-and ␥-phosphates ( Figure 4B ). Consistent with region (residues 126-130 and 159-161) is situated more mutagenesis studies and protein-footprinting analysis, than 15 Å from the Sec7 domain interface and is very residues from switch 1 and switch 2 of ARF1 t form the similar to the GDP-and GTP-bound conformations. The principal recognition sites (Bé raud-Dufour et al., 1998;  residues that bind the guanine show an increased mobil- Mossessova et al., 1998) .
ity, and the binding site is exposed to solvent in the Switch 2 is well ordered at the interface; the temperacomplex ( Figure 5 ). ture factor distribution for the molecule shows a local Structural changes are localized to the binding sites minimum for residues 71-80, which form a 3 10 helix, as for the phosphate groups and Mg 2ϩ . Residue Thr48, in ARF1 t -GppNHp. The helix has shifted 5 Å to pack which is a ligand to the Mg 2ϩ ion in the ARF1 t -GppNHp against ␣ helix H of the Sec7 domain ( Figures 4C and structure, moves 13 Å into the hydrophobic groove. In 5). The angle between the two helices is 30Њ, allowing its place, the highly conserved residues 96 GESQ 99 from extensive hydrophobic interactions to form between the Sec7 domain form a wedge of hydrophilic amino complementary surfaces, involving residues Ile74, Leu77, acids, with Glu97 at the tip, that is inserted into the Trp78 and Tyr81 of ARF1 t and Ile143, Tyr146, Ile149, GTPase active site ( Figures 4B and 5) . Mutation of the and Met150 of the Sec7 domain (summarized in Figure  glutamate residue to lysine in Arno causes a 1200-fold 3C). Although ARF1 t as a whole resembles the GTP conreduction in exchange factor activity (Bé raud-Dufour et formation, the C terminus of switch 2 (residues 77-80)
al., 1998; Mossessova et al., 1998) . For reasons outlined overlaps closely with ARF1-GDP, highlighting the strucbelow, Glu97 is likely to play a dominant role in the GEF tural plasticity of the switch 2 region. At the N terminus of mechanism. Its side-chain atoms (C␤ and C␥) overlap switch 2, residue Lys73 lies close to the acidic residues the binding sites for the Mg 2ϩ ion and the ␥-phosphate; Glu106 and Asp139 of the Sec7 domain ( Figure 4C ). In one of the carboxylate oxygens accepts a hydrogen support of an ion-pair interaction between Lys73 and bond from the side-chain N of Lys30, while the other Asp139, mutation of Lys73 in ARF1 t to a glutamate resioxygen atom hydrogen bonds to the main-chain NH of due causes a 60-fold reduction in exchange factor activGln99 of the Sec7 domain to cap the N terminus of ity that can be partially compensated for by a complehelix ␣G ( Figure 4B ). Residue Lys30 forms part of the mentary charge reversal mutation (Asp to Lys) in the phosphate-binding loop of ARF1 t (residues 24-31). While Sec7 domain of Arno (Bé raud-Dufour et al., 1998). On residues Lys30 and Thr31 (a Mg 2ϩ ligand) are unperthe opposite edge of the interface, conserved residues turbed, residues 26-29 at the active site have altered 159 QVK 161 on the HI loop of the Sec7 domain form multiple conformations in the complex. In all GTPases, these resiinteractions with ␤ strands 2 and 3, in particular involving dues assist nucleotide binding by forming a loop that Trp66 of ARF1 t .
orients backbone NH groups as fixed dipoles toward Switch 1 residues Ile49 and Phe51 penetrate most the bound phosphates. The movement of these residues deeply into the Sec7 domain hydrophobic groove. Mutain the ARF1 t /Sec7 domain complex is not, however, contion of Ile49 to tyrosine causes a 25-fold reduction in sidered a key feature of the exchange factor mechanism. exchange-factor activity of Arno Sec7 domain (Bé raudRather, it appears to occur as a secondary response to , and its location together with Phe51 the loss of nucleotide. Thus, residues 26-29 form an at the core of the interface appears to be critical for the additional helical turn at the N terminus of ␣1, filling the rearrangement of switch 1 in the complex (Figure 4) . cavity vacated by the nucleotide and allowing hydrogenResidues 40-51 have pivoted away from the active site; bond pairing of backbone amide and carbonyl groups 48-51 are buried into the hydrophobic groove, whereas ( Figure 5 ). 40-47 lie outside the interaction footprint, are exposed Changes in switch 2 reorient several active site resito solvent, and are relatively mobile. The shift in switch dues. Gly70 and Glu71 are displaced ‫7ف‬ Å from the 1 is accommodated by changes in the geometry of the ␥-phosphate-binding site, allowing the insertion of Glu102 conserved residues Gly50 and Phe51. In particular, the and Tyr146 from the Sec7 domain ( Figure 5 ). Finally, the φ angle of Gly50 rotates by 110Њ, and in both conformainvariant residue Asp67, which stabilizes the Mg 2ϩ ion tions it violates the φ angles permitted for residues at the ARF1 t active site, moves 2.5 Å from its position bearing side-chain atoms. Residues 93 RLPG 96 from the in the ARF1 t -GppNHp structure (value is for the dis-FG loop are invariant in Sec7 domain sequences, and placement of the carboxylate C␥). together they clamp switch 1 into the hydrophobic groove ( Figure 4B ). The C␣ atom of Gly96 makes van der Mechanism of Guanine Nucleotide Exchange Waals contacts with residues 50-52 of ARF1 t , explaining A defining feature of the complex structure is the partial why the mutation Gly96Asn causes a 30-fold reduction overlap of Sec7 domain residues with the positions for in the GEF activity of Arno Sec7 domain (Mossessova Mg 2ϩ and the ␤-and ␥-phosphates ( Figures 4B and 5) . et al., 1998). In summary, the movement of switch 1
This establishes a structural basis for understanding buries residues 48-53 in the hydrophobic groove, sandhow the binding of the Sec7 domain reduces the affinity wiched between ␣H and the FG loop, and this exposes of ARF1 t for GDP. The binding site for the Mg 2ϩ ion the GTPase active site to Sec7 domain residues (Figures  4 and 5) .
is eliminated upon interaction with the Sec7 domain. Comparison with the ARF1 t -GppNHp structure shows the ensuing approximation of Glu97 and the phosphate groups lowers the affinity for nucleotide to facilitate nuthat, of the two protein ligands to Mg 2ϩ , Thr31 is unperturbed in the complex, whereas Thr48 moves into the cleotide release. The observation that the purine-and ribose-binding sites are undistorted and completely acSec7 domain hydrophobic groove. Residue Asp67, which stabilizes the Mg 2ϩ by accepting hydrogen bonds cessible in the crystal structure is consistent with this proposal ( Figure 5 ). Evidence for a GTPase/GEF/nucleofrom a Mg 2ϩ -linked water molecule and from Thr31 (Figure 6A) , shifts 2.5 Å as a result of the movement of tide ternary complex has been obtained by detailed kinetic analysis of the exchange factor mechanism for switch 2. Most strikingly, side-chain atoms of Glu97 of the Sec7 domain lie only ‫2ف‬ Å from the Mg 2ϩ position. Ran GTPase . For ARF1, analysis of the Glu97Lys mutant of Arno Sec7 domain has given Since the Mg 2ϩ ion ligates the ␤-phosphate group of GDP and GTP, these disruptive effects will assist nucleoindirect evidence for such a complex. While the majority of disruptive Sec7 domain mutations perturb the ARF1/ tide dissociation. However, as pointed out by Bé raudDufour et al. (1998) , the removal of Mg 2ϩ is not the key Sec7 domain interface, Glu97Lys retains high affinity for ARF1 t (K d ϭ 0.7 M) but does not promote the dissociato the rate enhancement afforded by the Sec7 domain. Removal of Mg 2ϩ by EDTA chelation accelerates nucleotion of GDP, which remains bound at the active site (Bé raud-Dufour et al., 1998) (Glu97Ala appears to have tide exchange on ARF1 t by only a factor of 20, whereas the Sec7 domain of Arno accelerates the reaction by a similar properties [Betz et al., 1998 ]). This abortive ternary complex may mimic one that exists on the reaction factor of at least 2 ϫ 10 4 (Bé raud-Dufour et al., 1998). Residue Glu97 is invariant in Sec7 domain sequences, pathway prior to nucleotide release. The location of Glu97 inserted at the ARF1 t active site and its mutation to lysine, aspartate, or alanine causes the most severe defect in exchange-factor activity (Bé -and the dramatic reduction in exchange-factor activity caused by its mutation to lysine (1200-fold) highlights raud- Betz et al., 1998; Mossessova et al., 1998) . The insertion of residues 96 GESQ 99 into the the critical role of this residue in the exchange reaction. Mutation to aspartate or alanine also causes substantial active site facilitates an ion-pair interaction between Glu97 and Lys30 of ARF1 t , which is a ligand to the reductions in activity (Bé raud-Dufour et al., 1998; Betz et al., 1998) , and so it appears that the function of Glu97 ␤-and ␥-phosphate groups in the ARF1 t -GppNHp structure ( Figure 5) . Importantly, the side chain of Glu97 apdepends on both the length and negative charge of its side chain, together providing both steric and electroproaches to within 3 Å of the ␤-phosphate site, and although its position is not incompatible with GDP bindstatic components to the repulsive effect on the nucleotide and Mg 2ϩ ion. ing, it would exert a strong steric and electrostatic repulsive force on a bound nucleotide ( Figures 4B and 5) .
The exchange reaction is reversible, and the Sec7 domain can effectively promote the exchange of GTP This arrangement has several advantages. It is suggested here that in the GEF reaction the Sec7 domain for GDP (Franco et al., 1996) . The position of Glu97 in the crystal structure is incompatible with ␥-phosphate binds to ARF1-GDP to form a ternary complex and that Figure 6 . Difference Electron Density Maps (A) Stereo view of the active site region of the refined ARF1 t -GppNHp crystal structure. The 2|F o | Ϫ |F c | electron density map was calculated using model-derived phases at 1.6 Å resolution and is contoured at 1.5. Oxygen atoms are colored red, nitrogen atoms are blue, carbon and phosphorus (labeled ␣, ␤, ␥) atoms are white, and the Mg 2ϩ ion is yellow. (B) Stereo view at the interface of the ARF1 t /Sec7 domain complex, showing switch 1 (Phe51) and switch 2 residues of ARF1 t interacting with hydrophobic-groove residues of the Sec7 domain. Oxygen atoms are colored red, nitrogen atoms are blue, carbon atoms of ARF1 t are white, and carbon atoms of the Sec7 domain are yellow. In order to minimize model bias in the phases, all atoms of ARF1 t residues Phe51 and Trp78 and of Sec7 domain residues Tyr146 and Met150 were deleted and the model was subjected to simulated annealing refinement. The resulting partial model was used to calculate structure factor amplitudes and phases. The green contour lines represent electron density at the 1.2 level in a 3|F o | Ϫ 2|F c | electron density map at a resolution of 2.8 Å , revealing continuous density through the deleted region.
binding, suggesting that an ARF1/Sec7 domain/GTP terof myristoylated ARF1 requires the presence of membrane phospholipids (Franco et al., 1996) . Biochemical nary complex will be somewhat different in active-site structure, and possibly less stable, than the GDP form.
experiments have established that a low-affinity interaction involving just the myristoyl group recruits myristoyHowever, this is not meant to suggest that the exchange reaction catalyzed by the Sec7 domain favors the related ARF1-GDP to the membrane (Franco et al., 1995) where the interaction with the Sec7 domain and nucleoplacement of GDP with GTP. Instead, the excess of GTP over GDP in the cytosol may play a dominant role in tide exchange occur (Franco et al., 1996) . Thus, phospholipid membrane is an essential partner in the exdriving the reaction in the forward direction (discussed in Bourne et al., 1991) . Further discussion of these issues change factor reaction, a property that may be exploited in vivo to restrict ARF1 activation to appropriate memawaits a more detailed kinetic analysis of the ARF1 exchange mechanism.
brane sites. A structural explanation for this phenomenon lies in the observation that ARF1 resembles its GTP conformation when bound to the Sec7 domain, whereas ARF Activation The Sec7 domain can promote nucleotide exchange the structure of ARF1-GDP appears to be incompatible with the contours of the recognition site. This suggests efficiently on ARF1 t in solution. However, the activation 
b Root-mean-squared deviation (Rms ⌬) from target geometries. c R factor ϭ 100 ϫ ⌺ | F P Ϫ F P(calc) |/ ⌺ F P ; R values calculated for data with a 2 cutoff. d R free was calculated with 5% of the data.
that an interaction between ARF1-GDP and the membinding. The structure of ARF1 t -GppNHp reveals the basis for GTP-myristoyl switching and highlights how brane may be required to assist the structural transition that accompanies binding to the Sec7 domain and nusimple modifications to the common GTPase framework have evolved to allow the specialized functioning of ARF cleotide exchange.
GTPases. Conclusions The GEF mechanism described here for ARF1/Sec7 do-
Experimental Procedures
main shares similarities with that proposed for the exchange factor Sos upon Ras, based on the recently Crystallization of GppNHp-Bound ARF1 t reported Ras/Sos crystal structure (Boriack-Sjodin et ARF1 t was expressed in E. coli and purified by Ni-IMAC and gel al., 1998). In both systems, the GEF engages switch 2 filtration chromatography. To replace bound nucleotide with GppNHp, purified ARF1 t was concentrated to 50 mg/ml and incuin an extensive interaction and causes the displacement (Table 1) . Sjodin et al., 1998) . The ARF1/Sec7 domain mechanism is clearly distinct from that observed for the G protein Structure Determination of GppNHp-Bound ARF1 t EF-Tu and its exchange factor EF-Ts (Kawashima et Crystals were transferred to a solution containing 20% PEG 8000, al., 1996; Wang et al., 1997) . In the EF-Tu.EF-Ts crystal 150 mM KH 2 PO 4 , and 10% (v/v) glycerol and then flash frozen to structure, the exchange factor binds to switch 2 and the 100 K. Diffraction data were measured on a Rigaku R-AXIS IV area phosphate-binding loop to perturb the ␤-phosphate and detector and processed using the DENZO package (Otwinowski Mg 2ϩ but does not introduce residues into the GTPase and Minor, 1993) ( Table 1 ). The structure was solved by molecular replacement with the program AMORE (CCP4 suite) using human active site.
ARF1-GDP as the search model. Crystallographic refinement was
The structure of the ARF1/Sec7 domain complex shows carried out with XPLOR (Brü nger, 1992) to give final values of R cryst ϭ how exchange can be triggered by the insertion of resi-21.2% and R free ϭ 28.1% for data between 5.0-1.6 Å resolution (Table   dues into the nucleotide-binding site so as to sterically 1). The resulting electron density at 1.6 Å resolution is of excellent and electrostatically expel the nucleotide. Finally, the quality ( Figure 6A ), and all ARF1 t residues (18-181; a total of 1355 distinctive feature of ARF1 activation is the controlled atoms) have been modeled, together with 165 water molecules, the GppNHp moiety, and one magnesium ion. The average thermal B exposure of the myristoylated N terminus for membrane
